An understanding of neurological mechanisms for wheel running by rodents, especially with high exercise activity, would be applicable to a strategy for promotion of exercise motivation in humans. One of several brain regions that are candidates for the regulation of physical exercise is the hippocampus. Here we examined the running activity of Spontaneously-Running-Tokushima-Shikoku (SPORTS) rat, a new animal model for high levels of wheel-running activity, and its relation with the hippocampal norepinephrine (NE) system including the levels of NE, adrenergic receptors, and degradation enzymes for monoamines. In the hippocampus of SPORTS rats, the level of NE in extracellular fluid was augmented, whereas the level in the homogenate of the whole tissue was decreased even for sedentary conditions. Elevated extracellular NE caused downregulation of a 2 -adrenergic receptors in the hippocampus of SPORTS rats. Local administration of a 2 -adrenergic receptor antagonist yohimbine, but not of a 2 -agonist clonidine, into the hippocampus suppressed high running activity in SPORTS rats. The protein expression and the activity levels of monoamine oxidase A (MAOA), a critical enzyme for the degradation of NE, were decreased in the hippocampus of SPORTS rats to increase extracellular NE level. Thus, inhibition of oxidase activity in normal Wistar rats markedly increased wheel-running activity. These results indicate that decreased MAOA activity, elevation of extracellular NE, and a 2 -adrenergic receptors in the hippocampus determine the neural basis of the psychological regulation of exercise behavior in SPORTS rats.
INTRODUCTION
Increased physical activity is now widely recommended for the maintenance of health as well as for the treatment of various metabolic disorders such as diabetes, obesity, and hypertension (Sheard, 2003; Weinsier et al, 1998; Cortez et al, 1991; Fiebig et al, 2002; Lapier et al, 2001) . Many people in the developed countries choose not to be active physically, possibly because of a reduced motivation to participate in exercise activities (Biddle and Fox, 1998) .
Formal or clinical education for facilitating exercise training sometimes helps to enhance a person's motivational level (Phillips et al, 2004) . Pharmacological or nutritional methods, which target and activate the molecular machinery in the brain directly, are expected to be available in the future for the treatment of reduced exercise motivation. At present, however, the psychology and the molecular biology of exercise initiation and adherence are under-researched (Biddle and Fox, 1998; Sherwin, 1998) .
Wheel running by rodents is thought to reflect voluntary exercise training in humans (Eikelboom, 1999) . Observations for overweight, physically inactive humans and of early dropouts from formal exercise programs (Dishman, 1981) were consistent with the results of animal experiments where obese and diabetic animals showed low wheelrunning activity (Harada et al, 2002; Marshall et al, 1976) . Thus, an understanding of brain mechanisms for wheel running by rodents, especially with high exercise activity, would contribute to promotion of exercise motivation in humans. There are a few animal models of high wheel-running activity (Swallow et al, 1998; Wilckens et al, 1992) but the mechanism for this behavior is still unknown.
We have established a line of rats that has high wheelrunning activity and was named SPORTS (SpontaneouslyRunning-Tokushima-Shikoku). The line was discovered in an outbred strain of Wistar rats (Morishima-Yamato et al, 2005) . Male SPORTS rats run voluntarily in the running wheel almost six times longer than control Wistar rats (Morishima-Yamato et al, 2005) . The hyper-running of SPORTS rats brought about a greater decrease in body fat and blood glucose levels than in low-running controls (Morishima-Yamato et al, 2005) . Thus, the SPORTS rats are a useful model for determining the psychological mechanisms of increased exercise behavior.
One of several brain regions that are candidates for the regulation of physical exercise is the hippocampus (Tong et al, 2001; Bronikowski et al, 2004) . The hippocampus has a central role in regulating positive affect, learning, memory functions, and emotion (Cahill et al, 1994; LeDoux, 1994) . The hippocampus is sensitive to stress and to physical exercise, both of which activate norepinephrine (NE) terminals deriving from the locus ceruleus (Bremner et al, 1996; Xu et al, 2000; Carter, 1997) . Following exercise stimulation, a variety of changes in gene expression and NE metabolism occurred in the hippocampus (Bronikowski et al, 2004; Dunn et al, 1996; Rhodes et al, 2003) . Whether hippocampal NE induces voluntary wheel running has not yet been clarified, although genetically or pharmacologically enhanced NE level in brain regions that include the hippocampus increases field locomotor activity in experimental animals (Xu et al, 2000; Cryan et al, 2004; Shishikina et al, 2004; Lahdesmaki et al, 2003; Cases et al, 1995) . Given the fact that obese and diabetic animals with low physical activity have less NE in the hippocampus than normal controls (Gallego et al, 2003; Yamato et al, 2004; Lackovic et al, 1990) , we hypothesized that hippocampal NE is involved in the initiation of voluntary exercise.
We investigated the NE system, including its levels, receptors, and degradation enzymes, in the hippocampus of SPORTS rats. The results obtained from this study show that extracellular NE neurotransmission in the hippocampus of SPORTS rats is activated even in sedentary conditions without wheel running. These findings indicate that hippocampal NE is a neural basis for and a molecular target of the psychological regulation of exercise behavior.
MATERIALS AND METHODS

Animals
Male SPORTS rats that had been established in our laboratory (Morishima-Yamato et al, 2005) were used for this study. Another line of Wistar rats in which sequential mating had been conducted without selection for running activity was used as age-matched controls (MorishimaYamato et al, 2005) . The rats at 16 weeks of age were mainly used for this study since the SPORTS rats at this age point showed almost six times higher running activity than control rats (Morishima-Yamato et al, 2005) . In some experiments, the rats aged 4 weeks were also used since at this age point the hyper-running phenotype does not yet appear in the SPORTS strain (Morishima- Yamato et al, 2005) . All the rats were housed singly at a constant room temperature of 23711C with a 12-h light/dark cycle, and were fed a standard nonpurified diet (Oriental Yeast, Tokyo, Japan) with food and water available ad libitum. Different sets of animals were used for the different analyses. This study conformed to the guidlines for the care and use of Laboratory animals of The University of Tokushima Graduate School Institute of Health Bioscience. All efforts were made to minimize animal suffering and to reduce the number of animals used in the experiments.
In Vivo Brain Microdialysis
Male SPORTS and control rats aged 3-4 weeks were housed singly in cages without an exercise wheel until 16 weeks of age. Rats were anesthetized by intraperitoneal injection of sodium pentobarbital (50 mg/kg), and a stainless-steel guide cannula was inserted into the left striatum (AP ¼ + 0.2, L ¼ 3.5, V ¼ 3.0, taken from bregma) or left ventral hippocampus (AP ¼ À5.6, L ¼ 4.4, V ¼ 3.5, taken from bregma) according to the atlas of Paxinos and Watson (1986) . The guide cannula was fixed in the skull by two round-tip miniature screws and dental acrylic cement. A stainless-steel dummy cannula was inserted into the guide and kept there until the start of the experiment. After surgery, rats were allowed to recover in specific cages (30 Â 30 Â 35 cm 3 ) for at least 5 days (Sei et al, 2003) . Then, the dummy cannula was removed and a microdialysis probe cannula with a 4-mm long semipermeable membrane (10 000 mol Molecular cutoff, Eicom, Kyoto, Japan) was inserted into the striatum or hippocampus through the guide cannula and fixed. Microdialysis experiments were carried out the next day. The probe cannula was perfused with Ringer solution (147 mM NaCl, 4 mM KCl, 2.25 mM CaCl 2 ) at a constant rate of 1 ml/min. After a 3-h equilibration period, perfusate samples were collected each 60 min from 1400 to 2000 (lights off at 2000). Perfusate samples were mixed with 0.02 M acetic acid solution containing 10 mM EDTA and were frozen rapidly and stored at À801C until high-pressure liquid chromatography (HPLC) analysis.
Preparation of Tissue Homogenates for HPLC Analysis
After the microdialysis experiments, the rats were anesthetized with sodium pentobarbital (50 mg/kg) and killed by decapitation. The striatum and hippocampus were isolated rapidly at 41C and were frozen immediately in liquid nitrogen and stored at À801C. Each sample was homogenized in five volumes of 0.2 M perchloric acid with a glass microhomogenizer (A-1000, TOP, Tokyo, Japan). The homogenate was centrifuged at 20 000g for 15 min at 41C. The supernatants were acidified to pH 3.0 by the addition of 1 M sodium acetate. Samples were then filtered through a Minisart RC 4 filter (Sartorius AG, Goettingen, Germany) for HPLC analysis. separated by a HPLC system (EICOMPAK SC-5ODS column, 150 Â 2.1 mm 2 , Eicom) and detected by the Model ECD-amperometric detector (Eicom) equipped with a working electrode and an Ag/AgCl reference electrode. Mobile phase (containing 17% (v/v) methanol, 0.01 mM EDTA, 0.1 M sodium acetic/citric acid, and 1.4 mM octane sulphonic acid, pH 3.9) was pumped at a flow rate of 0.25 ml/ min. DA, DOPAC and NE were eluted by this program at representative retention times of 7.6, 6.8, and 4 min, respectively. Macintosh-based PowerChrom v2.1 software (Eicom) was used for data analysis.
Radioligand-Binding Assay
The hippocampus was isolated from rat brain and frozen at À801C for at least 1 week before use. The tissue sample was homogenized briefly in 2 ml cold homogenization buffer (20 mM HEPES, 100 mM NaCl, 10 mM MgCl 2 , 1 mM EDTA, 1 mM 1,4-Dithio-DL-threitol, pH 7.4) followed by centrifugation at 20 000g for 15 min at 41C. Precipitated crude membrane fraction was resuspended in the assay buffer (20 mM HEPES, 150 mM NaCl, 10 mM MgCl 2 , pH 7.4) and the protein concentration was measured with a bicinchoninic acid protein assay kit (Pierce, Rockford, IL). In all, 30 mg of membrane protein was then incubated in the presence of 625 nM 3 H-NE (7.94 Ci/mmole, ARC Inc.) and 625 mM NE or 625 mM of each competitor prazosin (a 1/2 -adrenergic receptor (AR) antagonist), yohimbine (a 2 -AR antagonist), propranolol (b-AR antagonist), and phenylephrine (a 1 -AR agonist)) at 251C. After 60 min, the mixture was applied onto a GF/C filter (Whatmann, Maidstone, UK), the filter was washed three times with ice-cold 10 mM TrisHCl buffer (pH7.4), and the filter was counted with a liquid scintillation counter. The radioactivity (counts per minute (CPM)) in the presence of nonlabeled NE was regarded as the amount of nonspecific binding of 3 H-NE and was subtracted from each test sample count. Specific binding of 3 H-NE to each AR was calculated by subtracting CPM in the presence of competitor from that in the absence of competitor.
Western Blot Analysis
The hippocampus, cerebral cortex, and liver were isolated from rats rapidly at 41C. Tissue samples were homogenized in ice-cold Tris-HCl buffer at a pH of 8.0 in the presence of 1% Nonidet-P40, 10% glycerol, and 1 mM phenylmethyl sulfonyl fluoride. In all, 50 mg of protein was denatured by boiling for 5 min in the loading buffer (4% sodium dodecyl sulfate (SDS), 250 mM Tris-HCl, pH 6.8, 1% b-mercaptoethanol, 1% bromophenol blue, and 20% glycerol). The proteins were subjected to SDS-polyacrylamide gel electrophoresis and transferred onto a nitrocellulose membrane (PROTRAN, S&S, Bioscience, Germany). The membrane was blocked using 5% skim milk in Tris-buffered saline containing 0.05% Tween 20 for 1 h and incubated with a rabbit antimonoamine oxidase (MAO) A antibody (1:200, Santa Cruz Biotechnology Inc., CA, USA), rabbit antimonoamine oxidase B (MAOB) antibody (1:100, Santa Cruz), rabbit anticatechol-O-methyltransferase (COMT) antibody (1:1000, BD Transduction Laboratories, Lexington, KY), rabbit anti-a 2A -AR antibody (1:500, Sigma, St. Louis, MO), rabbit anti-a 1 -AR antibody (1:500, Sigma) or rabbit antiguanine nucleotide-binding protein (Gai) antibody (1:500, BD Transduction Laboratories). The blot was visualized with anti-rabbit IgG horseradish peroxidase conjugate secondary antibody (1:2000, Biosource International, Camarillo, CA) and an ECL detection system (Amersham Pharmacia Biotech, Aylesbury, UK).
Northern Blot Analysis
Total RNA was extracted from rat hippocampus with TRIzol reagent (Invitrogen, Carlsbad, CA). Of total RNA, 25 mg was subjected to electrophoresis on a 1% denaturing agarose gel and transferred to a Gene Screen membrane (NEN Life Science Products, Boston, MA). Double-stranded cDNA encoding rat MAOA (GenBank accession number; XM343764), MAOB (NM013198), COMT (NM012531), and glyceraldehyde 3-phosphate dehydrogenase (G3PDH, X02231) were generated by the reverse transcriptionpolymerase chain reaction (RT-PCR) of rat hippocampus RNA, and cloned into pCR s -Blunt II-TOPO vector using the TOPO cloning system (Invitrogen). The nucleotide sequencing was carried out for each insert with an ABI 377 DNA sequencer (Applied Biosystems, Foster City, CA) and a BigDye dye-terminator sequencing system (Applied Biosystems) following the manufacturer's protocol. EcoRIdigested fragments were then labeled with (a-32 P) dCTP by a Megaprime labeling system (Amersham Pharmacia Biotech) and used as the probes. Membrane protein was hybridized with the probe at 421C overnight, washed, and exposed to Kodak BIOMAX TM MS film at À801C.
Sequencing of Open Reading Frame for MAOA mRNA
Double-stranded cDNA encoding rat MAOA with full open reading frame was generated by RT-PCR of rat hippocampus RNA using specific primers upstream of the translation initiation codon (5 0 -CCTTAAAGCGGAGCGCTGTT-3 0 ) and downstream of the translational stop codon (5 0 -ACATGC GATGATCGTGCAGG-3 0 ). The subcloning of PCR product into the vector and the subsequent nucleotide sequencing were conducted as described above.
Measurement of MAO Activity
Activities of MAOA and MAOB in tissue homogenates were measured with the Amplex Red Monoamine Oxidase Assay kit (Molecular Probes, Oregon, USA (Mingjie and Nataliya, 1997)) according to the manufacture's protocol. Enzyme activity was expressed as nmol substrate catalyzed/min/mg protein.
Treatment of Rat Hippocampus with Agonist or Antagonist for a 2 -AR
Male SPORTS and control Wistar rats 3-4 weeks old were housed singly in cages with an exercise wheel (1.15 m/cycle, Nishin, Tokushima, Japan) until 15 weeks of age. At 15 weeks of age, rats were anesthetized and a microdialysis probe cannula was bilaterally set in hippocampus as described above. The hippocampus was perfused for 45 min with Ringer solution containing either clonidine Hyperwheel running in SPORTS rats(a 2 -AR agonist, 100 mM) or yohimbine (20 mM) at a rate of 1 ml/min under conditions where the rats were freely moving without anesthesia. The dosages of these drugs were based on results of previous studies (Finberg et al, 1993) . Both drugs were freshly prepared prior to use. Each vehicle group was perfused only with the Ringer solution. Drug perfusion was finished at 2200 and the revolution number of the running wheel for each rat was monitored thereafter for 2 h.
Intraperitoneal Treatment of Rats with MAOA Inhibitor
Male Wistar rats at 25 weeks of age were purchased from Charles River (Quebec, Canada) and were housed singly in cages with an exercise wheel. Rats were divided randomly into a saline-treated group (n ¼ 3) and a clorgyline (MAOA inhibitor)-treated group (n ¼ 3). Saline (0.9%) vehicle or clorgyline (1 mg/kg BW/day) was injected intraperitoneally for 4 weeks (Finberg et al, 1994) . After injection, the numbers of revolutions of the running wheel for both groups were monitored daily. At 24 h after the last injection, rats were killed by decapitation under anesthesia. The hippocampus and the liver were isolated immediately and processed for measurement of MAO enzyme activity (see above).
Treatment of Rat Hippocampus with MAOA Inhibitor
We further studied the local effect of MAOA inhibitor on the hippocampus in male Wistar rats at 25 weeks of age. Rats were anesthetized and a microdialysis probe cannula was bilaterally set in hippocampus as described above. The hippocampus was perfused for 60 min with Ringer solution (vehicle) or solution containing clorgyline (1 mM) at a rate of 1 ml/min under conditions where the rats were freely moving without anesthesia. Drug perfusion was finished at 2200 and the revolution number of the running wheel for each rat was monitored thereafter for 12 h.
Treatment of Rat Hippocampus with Cycloheximide
The procedure was essentially as described by Hasegawa et al (1995) . The hippocampus was isolated and cut into two pieces. The weight of each piece was measured immediately and each piece was incubated for 80 min at 371C in a Dulbecco's Modified Eagle's Medium under 5% CO 2 /95% O 2 . Hippocampal pieces were then incubated in the presence of 1 mg/ml cycloheximide in the same buffer for the indicated times. At each time point, a hippocampal piece was washed three times with ice-cold phosphatebuffered saline, homogenized, and Western blotted using rabbit anti-MAOA antibody.
Forced Swim Test
The procedure was essentially as described by Xu et al (2000) . Briefly, rats were placed into a cylindrical container (59 cm high, 25 cm diameter) filled with 251C water to a depth of 36 cm. Behavior was recorded on videotape for 15 min and scored by two independent observers as to the cumulative amount of time (immobility) that the animals spent floating or engaged in minimal activity.
Drugs
Prazosin, yohimbine, propranolol, clonidine hydrochloride, phenylephrine hydrochloride, and clorgyline hydrochloride were purchased from Sigma. Cycloheximide was purchased from Wako (Osaka, Japan).
Statistical Analysis
Data are expressed as the means7SD. Data were analyzed by ANOVA plus Bonferroni multiple comparison tests. A p-value o0.05 was accepted as statistically significant.
RESULTS
SPORTS Rats Show Hyper-Running in Exercise Wheel
The wheel-running activities of the SPORTS and control Wistar rats were recorded every week. Throughout their growth period in this study, SPORTS rats ran much more than control rats ( Figure 1a ). Peak revolution number for SPORTS rats was six to 10 times that for control rats (SPORTS, 11 84372306; control, 17627751 m/day, po0.01). As shown in Figure 1b , SPORTS rats concentrated their hyper-running in the dark environment (from 2000 to 0800 in our housing condition). SPORTS rats started running after dark and kept a constant running pace throughout the dark period (Figure 1c ).
SPORTS Rats have High Activity in the Forced Swim Test
Active struggling responses in the Porsolt forced swim test suggest that the animal has high monoaminergic activity in the brain (Xu et al, 2000) . As shown in Figure 1d , the time of immobility in water was significantly lower for SPORTS rats than for control rats during the 15-min observation, suggesting a possible enhancement of neurotransmission in the brains of SPORTS rats.
Extracellular NE Levels were Increased in the Hippocampus of SPORTS Rats
To examine whether the monoaminergic systems are activated in the brains of SPORTS rats, we measured the concentrations of NE and DA in brain regions having rich amounts of these monoamines. It is expected that NE4DA in the hippocampus and DA4NE in the striatum (Xu et al, 2000 , Cryan et al, 2004 . The brain microdialysis study revealed that extracellular NE level in the hippocampus of SPORTS rats was significantly greater than that of control rats all day (Figure 2a) . In contrast to NE, the amount of extracellular DA in the striatum was the same in the two groups for any time period (Figure 2b ). We failed to detect measurable NE or DA in the striatum or hippocampus, respectively, using our measuring system. The NE contents in the homogenates of whole hippocampus and cerebellum were lower in SPORTS rats than in controls, indicating that NE was highly concentrated in the extracellular space but not in the intracellular space of the hippocampus in SPORTS rats (Figure 2c ). The levels of DA and the DA Figure 3a , the intensities of competition for [ 3 H] NE binding to the hippocampal membrane by prazosin and yohimbine were less for SPORTS rats than for control rats. There was no significant difference in the competing abilities for propranolol or phenylephrine between the two groups ( Figure 3a) . Figure 3b and c shows that the protein levels of a 2A -AR were decreased in the hippocampus of SPORTS rats at both 4 and 16 weeks of age, and Gai protein of SPORTS rats at 16 weeks of age was also decreased. The protein expressions of a 1 -AR were, however, not different between SPORTS and control rats.
Inhibition of a 2 -AR Suppressed the Running of SPORTS Rats
To clarify the involvement of hippocampal a 2 -ARs in the hyper-running habituation of SPORTS rats, the selective antagonist (yohimbine) or agonist (clonidine) of a 2 -ARs was administered locally into rat hippocampus and the running activity of each rat was monitored for 2 h. As shown in Figure 4 , inhibition of hippocampal a 2 -ARs by yohimbine significantly depressed the running activities of SPORTS but not of control rats. Activation of hippocampal a 2 -ARs with clonidine did not have any effect on running activity of either rat group (Figure 4) .
MAOA Activity was Decreased in the Hippocampus of SPORTS Rats
Increased extracellular NE levels might be due to decreased degradation of NE. Therefore, we measured the MAOA activity in the hippocampus. The hippocampal MAOA activity was significantly decreased in SPORTS rats at 4 weeks of age, but not at 16 weeks of age (Figure 5a ). Then we compared the hippocampal protein expression levels of MAOA, MAOB, and COMT in both rat groups (Figure 5b and c). The MAOA protein level of SPORTS rats was lower than that of control rats at both at 4 and 16 weeks of age. The hippocampal levels of MAOB and COMT were not different between the two groups at 16 weeks of age ( Figure  5b and c) . The mRNA level of MAOA in the hippocampus of SPORTS rats was, however, the same as that of control rats both at 4 and 16 weeks of age (Figure 5d ). In addition, cDNA cloning showed that SPORTS rats did not have any mutation in the nucleotide sequences for the open reading frame of the MAOA gene (data not shown).
To investigate the rate of breakdown of MAOA in the hippocampus of SPORTS rats, isolated rat hippocampus was incubated with cycloheximide, an inhibitor of protein synthesis, and the degradation rate of the protein was monitored thereafter. Our preliminary experiments did not show any degradation of the MAOA protein in isolated rat hippocampus for up to 60 min in the incubation medium without cycloheximide (data not shown). As shown in Figure 6 , treatment of rat hippocampus with cycloheximide Figure 4 Effect of a-adrenergic receptor stimulation or inhibition on the running activity of both SPORTS and control rats. Rat hippocampus was perfused with yohimbine (20 mM), clonidine (100 mM) or vehicle (Ringer) at a rate of 1 ml/min for 45 min. The revolution number of the running wheel for each rat was recorded for 2 h after drug treatment, which was finished at 2200 h. Data are expressed as means7SD for 3-4 rats. *po0.05.
(1 mg/ml) decreased the amount of MAOA protein in the tissue homogenate in a time-dependent manner. Although the initial level (time 0) of MAOA protein was low in the hippocampus of SPORTS rats (Figure 5c ), no increase in the degradation rate of MAOA protein was observed in this tissue of SPORTS rats during the 60 min incubation with cycloheximide ( Figure 6a and b).
Intraperitoneal Treatment with Clorgyline, an MAOA Inhibitor, Induces Hyper-Running in Normal Wistar Rats
To investigate whether the low activity of MAOA was responsible for the hyper-running phenotype of SPORTS rats, clorgyline (1 mg/kg BW), an inhibitor of MAOA, was administered intraperitoneally to normal Wistar rats. As previously reported (Feldman, 1988) , administration of MAOA inhibitor decreased the amount of food intake approximately 50% in our Wistar rats (data not shown). Therefore, vehicle-treated rats were pair-fed to match clorgyline-induced hypophagia. Chronic treatment with clorgyline decreased the activity of MAOA in the hippocampus but not in the liver of normal Wistar rats (Figure 7a ). In contrast, MAOB activity was not changed by the clorgyline treatment ( Figure 7b ). As shown in Figure 7c , normal Wistar rats with clorgyline treatment increased their wheel-running distance gradually and reached a plateau level that was similar to that of the SPORTS rat (Figure 1a) . In contrast, the running activity of vehicle-treated rats was lower than in our preliminary study ( Figure 1a ). As shown in Figure 1 , the running activity of control rats gradually decreased from 13 weeks of age. Since normal rats at 25 weeks of age were used in the experiments for Figure 7 , observed low running activity in the vehicletreated rats might involve the effect of the aging. However, we could not clearly show the relationships between aging and wheel-running activity in the present study. No decrease was observed in the mRNA or protein levels of MAOA, MAOB, and COMT after chronic clorgyline treatment (data not shown).
Local Injection of Clorgyline into Hippocampus Induces Hyper-Running in Normal Wistar Rats
To clarify the involvement of hippocampal MAOA in the hyper-running habituation of SPORTS rats, clorgyline was administered locally into the hippocampus of normal Wistar rats and the running activity of each rat was monitored for 12 h. As shown in Figure 8 , normal Wistar rats with local clorgyline treatment increased their wheelrunning activity.
DISCUSSION
The SPORTS rat is a good animal model for elucidating the mechanisms responsible for upregulation of running behavior and for investigating the changes in nutrient metabolism induced by high-intensity exercise (MorishimaYamato et al, 2005) . This study focused on the increased exercise behavior of SPORTS rats and its relation with the Of total RNA, 25 mg was subjected to electrophoresis. The RNA-transferred membrane was hybridized with MAOA probe, washed, and exposed for autoradiography at À801C for 1 week. The same membrane was rehybridized with a cDNA probe for rat G3PDH. Data are expressed as means7SD for seven (a), four (c), and five (d) rats in each group. *po0.05, compared with control group.
Hyperwheel running in SPORTS rats M Morishima et al noradrenergic systems in the hippocampus because brain tissue is where a variety of changes in gene expression, hormonal regulation, and neurotransmission have been observed during physical exercise (Tong et al, 2001; Bronikowski et al, 2004; Neeper et al, 1995; Oladehin and Waters, 2001; Bequet et al, 2002; Tumer et al, 2001) .
Hippocampal neurotransmission controls memory, learning, stress responses, and behavior in humans and animals (Bremner et al, 1996; Cryan et al, 2004; Dietmar et al, 1998; Galeotti et al, 2004) . The NE neurons derived from the locus ceruleus target hippocampus and release NE to modulate brain functions in response to changes in the environment (Bremner et al, 1996) . Exercise training is one of the environmental changes that enhance the metabolism and turnover of NE in the hippocampus (Dunn et al, 1996) . Although the peripheral infusion of NE enhances wheel running in rats (Wilckens et al, 1992; Sadalge et al, 2003) , whether the NE level in brain modulates running activity was unclear until now. In the present study, even where the rats were housed without the running wheels, the concentration of extracellular NE in the hippocampus of SPORTS rats was two times higher than that of controls at all times. Thus, the elevated NE level in the extracellular fluid of the hippocampus was related to hyper-running in rodents. The hyperactivity of SPORTS rats in the forced swim test supports this hypothesis. A decrease of immobility time in water is well known to be induced by the treatment of rodents with antidepressant drugs that increase the 
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Figure 8 Local administration of clorgyline into hippocampus increases wheel-running activity in normal Wistar rats. Rat hippocampus was perfused with clorgyline (1 mM) or vehicle (Ringer) at a rate of 1 ml/min for 60 min. The revolution number of the running wheel for each rat was recorded for 12 h after drug treatment, which was finished at 2200. Data are expressed as means7SD for 5 rats. *po0.05.
extracellular NE level in the brain. The NE exerts its effects through its receptors (LeDoux, 1994; Cryan et al, 2004; Roberto and Silvio, 2004) . Prolonged NE stimulation causes downregulation of its receptors (Prieto and Giralt, 2002) . Thus, elevated extracellular NE was expected to alter the population of ARs in the hippocampus of SPORTS rats. Our finding that radiolabeled NE binding to hippocampal membrane of SPORTS rats was not strongly affected by prazosin (a 1/2 -AR antagonist) or yohimbine (a 2 -AR receptor antagonist) suggests that there were reduced densities for the receptors. Prazosin has a minor effect on a 1 -AR-mediated neurotransmission in the hippocampus (Sirvio and Macdonald, 1999) , although stimulation of hippocampal a 1 -ARs alters behavioral activity in antidepressant-treated rats (Kostowski, 1985) . Since the intensity of competition for radiolabeled NE binding to hippocampal membranes by the a 1 -AR agonist phenylephrine was not different between SPORTS and control rats, the reduced receptor density occurred specifically for the a 2 -AR in the hippocampus of SPORTS rats. This conclusion is consistent with our finding that the protein expression level of a 2A -AR, but not a 1 -AR, was greatly decreased in the hippocampal homogenate of SPORTS rats. In addition, the decrease in the amount of Gai protein supports the evidence for this receptor downregulation (Jewell-Motz et al, 1998; Heck and Bylund, 1998) . We conclude that the hippocampal a 2 -ARs were downregulated for SPORTS rats in the resting state without wheel running.
To examine whether the downregulated a 2 -ARs are involved in the increased running behavior of SPORTS rats, the selective a 2 -AR antagonist yohimbine or agonist clonidine was administered into the hippocampus and the running activity of each rat was monitored thereafter. In the present study, local administration of clonidine into the hippocampus did not inhibit the wheel running of SPORTS rats. On the other hand, the hyper-running of SPORTS rats was inhibited markedly by the antagonism of the a 2 -AR with yohimbine. A population of a 2 -ARs is located on presynaptic membranes in brain. These a 2 -ARs bind NE and decrease the release of NE from the presynaptic neurons resulting in a decrease of postsynaptic AR stimulation (Shishikina et al, 2004; Lahdesmaki et al, 2003; Roberto and Silvio, 2004; Heck and Bylund, 1998) . Thus, the blockade of presynaptic a 2 -ARs with yohimbine should increase extracellular NE concentration (Galeotti et al, 2004; Prieto and Giralt, 2002) . In the present study, the extracellular NE levels were already high in SPORTS rat hippocampus even in the absence of yohimbine (Figure 2a) . Thus, observed inhibitory effect of yohimbine on hyperrunning of SPORTS rats might be through antagonism of postsynaptic a 2 -ARs. The precise mechanisms underlying the yohimbine-induced inhibition of hyper-running in SPORTS rats have not been determined in this study. However, our results suggest that the a 2 -ARs are involved in the hyper-running behavior in SPORTS rats.
The molecular mechanisms that raise the extracellular NE level in the hippocampus might be one of the neural bases of the psychological regulation of increased exercise behavior in SPORTS rats. The possibilities that the a 2 -ARs (Roman et al, 2003) or the NE transporters on the presynaptic membranes (Xu et al, 2000) are impaired genetically and that this results in an increase in extracellular NE level in the SPORTS rat hippocampus cannot be excluded; however, the decreased NE in the whole homogenate of SPORTS rat hippocampus prompted us to first examine the activity of MAOA, which is the enzyme catalyzing the degradation of monoamines including NE (Daniel et al, 2001) . We found that the enzyme activity of MAOA, but not of MAOB, was decreased in the hippocampus of SPORTS rats. The structural alteration of MAOA protein due to a point mutation in its DNA sequence is known to alter the activity or stability (Jichun et al, 2004; Kevin et al, 2004) of the enzyme. In SPORTS rats, however, the nucleotide sequence for the open reading frame of the MAOA gene was the same as that of control Wistar rats, suggesting that the decreased MAOA activity in the SPORTS rat hippocampus could not be attributed to impaired protein function but could be due to the lowered protein accumulation level. The fact that the level of MAOA mRNA expression was not altered in the hippocampus of SPORTS rats would then indicate that the decrease in the hippocampal MAOA protein in SPORTS rats was independent of transcriptional regulation. Several protein expression levels are regulated by post-transcriptional processes that include breakdown by the proteasome and translational control on the ribosomes (Steinbeck and Methner, 2005; Kevin et al, 2005) . Our experiments involving the use of cycloheximide showed that the breakdown of MAOA protein occurred in the hippocampus within 60 min, a time which was shorter than that observed in a previous report where the half-life of MAOA protein in liver was described to be over 2 days (Egashira and Yamanaka, 1981) . However, the turnover rate of the protein differs between tissues (Hasegawa et al, 1995) . For instance, the half-life of tryptophan hydroxylase in pineal grand was 75 min as measured in rats with cycloheximide treatment (Sitaram and Lees, 1978) , whereas it was 2-3 days in the rat spinal cord (Meek and Neff, 1972) . MAOA protein level in liver was not affected in SPORTS or control rats by a short (90 min) incubation with cycloheximide in our preliminary experiments (data not shown). In the hippocampus with such rapid turnover of MAOA protein, however, the rate of MAOA breakdown for SPORTS rats was almost the same as that for control rats. Thus, the elevated level of extracellular NE in the hippocampus of SPORTS rats seems to be the result of impaired MAOA protein synthesis that unknown factors contribute to. In this regard, several hormones such as ovarian steroids have been reported to regulate both transcriptional and translational expression of MAOA (Smith et al, 2004) . However, little information is available for the precise mechanisms for translation of the MAOA gene, including the transcriptional starting site, the complete sequences of 3 0 and 5 0 untranslated regions, and the specific binding proteins for MAOA mRNA. Elucidation of these details in future work may allow us to identify candidate genes that generate the SPORTS phenotype.
In the present study, the levels of MAOA and a 2 -ARs were decreased in SPORTS rat hippocampus even before the initiation of the hyper-running (4 weeks of age). Therefore some as yet undetermined growth-associated factors might contribute to the determination of the SPORTS phenotype. To test whether the inhibition of MAOA in the brain is sufficient for activating wheel running in the adult rats, the MAOA-specific inhibitor clorgyline was administered into normal Wistar rats at 25 weeks of age. The MAOA inhibitors are used clinically for the treatment of psychological disorders including depression (Cases et al, 1995; Finberg et al, 1993) . We first examined the effect of intraperitoneal (systemic) clorgyline treatment which has been known to enhance extracellular NE accumulation in several brain regions including hippocampus (Mateo et al, 2001) . Clorgyline treatment of our normal Wistar rats increased daily wheel-running activity gradually, and the maximum level was nearly the same as that of the SPORTS strain. To investigate whether the inhibition of hippocampal MAOA itself induces hyper-running behavior, clorgyline was administered locally into the hippocampus of normal Wistar rats and the running activity of rat was monitored thereafter. As shown in Figure 8 , local administration of clorgyline increased wheel-running activity, although we could not exclude possibility of involvement of other sites. Given these results, we conclude that the inhibition of hippocampal MAOA is, at least in part, responsible for the hyper-running behavior of SPORTS rats.
Loss of function of MAOA caused by a deficiency in the MAOA gene or decreased activity of the enzyme caused by a MAOA promoter polymorphism is associated with violent, criminal, or impulsive behavior in humans (Brunner et al, 1993) . MAOA knockout mice also showed increased aggressive behavior where the brain NE and serotonin concentrations were markedly increased (Cases et al, 1995; Daniel et al, 2001) . Our SPORTS rats, however, did not show any aggressive behavior (data not shown). Therefore, it was unlikely that the systemic decrease of MAOA activity occurs in SPORTS rats. We showed here that the protein expression level of MAOA was not altered at least in the liver and cerebral cortex of SPORTS rats ( Figure 5 ). Whether the MAOA activity was decreased in all brain regions or in other peripheral tissues of SPORTS rats, however, has not been determined in this study. Further studies are needed to clarify the involvement of MAOA in other regions or tissues in generating the phenotype of SPORTS rats.
The antidepressants that target noradrenergic or serotonergic neurons or the deficiency of the NE transporter gene in mice cause increased sensitivities of the D 2 /D 3 DA receptors (Xu et al, 2000) . Thus, dopaminergic functions might be involved in the control of exercise behavior in SPORTS rats. The DAs in the brain have been implicated in the wheel running of rodents (Rhodes et al, 2003; Leng et al, 2004) . Because the hippocampus has only a small population of dopaminergic neurons, we failed to detect measurable DAs in this tissue. However, we did observe a normal expression level of MAOB, the highly selective degradation enzyme for DA, in the hippocampus of SPORTS rats. In general, abnormal levels of striatal DA in humans or animals are associated with changes in emotional and motivational behavior (Rhodes et al, 2003; Leng et al, 2004) . We measured DA concentrations in the rat striatum, where a large number of dopaminergic neurons exist (Gallego et al, 2003; Leng et al, 2004) . However, there was no significant change in the striatal DA and its metabolite levels in the extracellular fluid or tissue homogenates of SPORTS rats. Therefore, the DA level itself was unlikely to be involved in the hyper-running of SPORTS rats. The sensitivities or functions of DA receptors were not examined in this study.
In summary, we investigated the concentration and the regulation of NE in the hippocampus of SPORTS rats. The results showed that SPORTS rats had an elevated level of extracellular NE in the hippocampus. Impairment of MAOA activity and a 2 -AR downregulation could be involved in initiation of the hyper-running of this model animal. Inhibition of MAOA increased wheel running in normal Wistar rats. Modulation of NE transmission in the brain could be one strategy for enhancing exercise activity in healthy and diseased humans.
